Edited* by Robert Haselkorn, University of Chicago, Chicago, IL, and approved July 13, 2010 (received for review February 19, 2010) Three proteins from cyanobacteria (KaiA, KaiB, and KaiC) can reconstitute circadian oscillations in vitro. At least three molecular properties oscillate during this reaction, namely rhythmic phosphorylation of KaiC, ATP hydrolytic activity of KaiC, and assembly/ disassembly of intermolecular complexes among KaiA, KaiB, and KaiC. We found that the intermolecular associations determine key dynamic properties of this in vitro oscillator. For example, mutations within KaiB that alter the rates of binding of KaiB to KaiC also predictably modulate the period of the oscillator. Moreover, we show that KaiA can bind stably to complexes of KaiB and hyperphosphorylated KaiC. Modeling simulations indicate that the function of this binding of KaiA to the KaiB•KaiC complex is to inactivate KaiA's activity, thereby promoting the dephosphorylation phase of the reaction. Therefore, we report here dynamics of interaction of KaiA and KaiB with KaiC that determine the period and amplitude of this in vitro oscillator.
biological clocks | circadian rhythms | cyanobacteria | protein phosphorylation | modeling C ircadian rhythms are daily cycles of metabolic activity, gene expression, sleep/waking, and other biological processes that are regulated by self-sustained intracellular oscillators. A versatile system for the study of circadian oscillators has emerged from the study of the cyanobacterium Synechococcus elongatus PCC 7942 (1) . The circadian pacemaker in S. elongatus choreographs rhythmic patterns of global gene expression, chromosomal compaction, and the supercoiling status of DNA in vivo (2) (3) (4) . Just three essential clock proteins from S. elongatus-KaiA, KaiB, and KaiC-can reconstitute a biochemical oscillator with circadian properties in vitro (5) . This in vitro oscillator exhibits at least three rhythmic properties: phosphorylation status of KaiC (5), formation of KaiA•KaiB•KaiC complexes (6, 7) , and ATP hydrolytic activity (8) . The relationship of the in vitro oscillator to the entire circadian system in vivo is not defined, but it is clear that the oscillator underlying the rhythm of KaiC phosphorylation is able to keep circadian time independently of transcription and translation processes in vivo and in vitro (5, 9) , and therefore this posttranslational oscillator (PTO) may be necessary and sufficient as the core pacemaker for circadian rhythmicity in cyanobacteria (10) .
The Kai proteins interact with each other to form complexes in which KaiC serves as the core component (6, 7, 11, 12) . These complexes mediate the KaiC oscillation between hypophosphorylated and hyperphosphorylated forms in vivo and in vitro (5, 7, 9, (13) (14) (15) . KaiC autophosphorylation is stimulated by KaiA, whereas KaiB antagonizes the effects of KaiA on KaiC autophosphorylation (13, 16) . On the other hand, dephosphorylation of KaiC is inhibited by KaiA, and this effect of KaiA is also antagonized by KaiB (15) . Therefore, KaiA both stimulates KaiC autophosphorylation and inhibits its dephosphorylation; KaiB antagonizes these actions of KaiA. In the in vitro system, Kai protein complexes assemble and disassemble dynamically over the KaiC phosphorylation cycle (6, 7) . First, KaiA associates with hypophosphorylated KaiC, and KaiC autophosphorylation increases. Once KaiC is hyperphosphorylated, KaiB binds to the KaiC, and KaiC dephosphorylates within a KaiA•KaiB•KaiC complex (7) . When KaiC is completely hypophosphorylated, KaiB dissociates from KaiC and the cycle begins anew.
The 3D structures for KaiA, KaiB, and KaiC are known (10) . The crystal structure of the KaiC hexamer elucidated KaiC intersubunit organization and how KaiC might function as a scaffold for the formation of KaiA•KaiB•KaiC complexes (17) . The KaiC structure also illuminated the mechanism of rhythmic phosphorylation of KaiC by identifying three essential phosphorylation sites at threonine and serine residues in KaiC at residues T426, S431, and T432 (14, 18) . Moreover, phosphorylation of S431 and T432 occurs in an ordered sequence over the cycle of the in vitro KaiABC oscillator (19, 20) . These phosphorylation events are likely to mediate conformational changes in KaiC that allow interaction with KaiB and subsequent steps in the molecular cycle (10) .
Despite these insights, however, we do not know how the intermolecular interactions among KaiA, KaiB, and KaiC influence the dynamics of the cyanobacterial PTO. For example, given that KaiA stimulates KaiC autophosphorylation (10, 13, 14, 16) and that KaiA is associated with KaiC throughout the cycle (7), why then is KaiC not clamped in a constitutively hyperphosphorylated state over time? How might the interaction of KaiB with KaiA•KaiC influence KaiC phospho-state, and will this affect the dynamics of the system, including its emergent period? In this study, we found that there are two kinds of association of KaiA with KaiC; the first forms a labile phosphorylation-stimulating KaiA•KaiC complex that is present during the phosphorylation phase, and the second kind of association forms a very stable KaiA•KaiB•KaiC complex during the dephosphorylation phase in which KaiA's stimulating ability is inactivated. In particular, we found that KaiB specifically forms stable complexes with hyperphosphorylated KaiC and then recruits and inactivates KaiA only after the KaiB•KaiC complex has formed. The labile KaiA•KaiC complex depends on the previously described interaction of KaiA with the C-terminal "tentacles" of KaiC, but the stable KaiA•KaiB•KaiC complex can form in the complete absence of these C-terminal tentacles. Moreover, we found that mutant KaiB variants that exhibit altered rates of association with KaiC confer predictable changes in the period of the in vitro oscillator. 22 ). Previous studies have suggested that a single KaiA dimer can promote the phosphorylation of a KaiC hexamer (23) and that the binding ratio between the KaiA dimer and the KaiC hexamer is 1:1 (22) . On the other hand, measurements of the concentrations of KaiA, KaiB, and KaiC in vivo indicate that there are approximately five times as many KaiC hexamers as KaiA dimers (24) , and the optimized conditions for in vitro cycling of the KaiABC oscillator use a ratio of one KaiA dimer to 1.3 KaiC hexamers (5) . To estimate the dissociation constant between KaiA and KaiC, we used fluorescence anisotropy with labeled KaiA and increasing concentrations of unlabeled native KaiC ("KaiC WT "). On the basis of the anisotropy data (representative example shown in Fig. 1A ) and the assumption of a 1:1 binding ratio, a K d of ≈8 nM could be estimated for the KaiAKaiC WT association. KaiC WT prepared under these conditions is predominantly phosphorylated. To assess whether the phosphorylation status of KaiC influences the K d , we used mutant variants of KaiC that mimic its various phospho-states (SI Appendix, Table S1 summarizes the properties of the wild-type and mutant Kai proteins studied in this article). For example, KaiC EE is a mutant of KaiC with glutamate residues at positions 431 and 432 that mimics hyperphosphorylated KaiC WT (25) , whereas KaiC AA is a mutant with alanine residues at positions 431 and 432 that mimics hypophosphorylated KaiC WT (26) . These mutant KaiCs show significant differences in the K d for interaction with KaiA. As depicted in Fig. 1B Fig. 1 A and B) can be used to assess the K d for both labile and stable associations, we found that some complexes of KaiC with KaiB ± KaiA were so stable that they could be measured by band shifts after electrophoresis of the proteins for 5 h in native polyacrylamide gels ( Fig. 1 C-E) . For these measurements, we used KaiC WT and KaiC variants that were mutated at the 431 and 432 residues to mimic the various phosphorylation states that are sequentially present over the in vitro oscillation (SI Appendix, Fig. S1 ) (19, 20) . SI Appendix, Fig. S2A Fig. S2A ).
The data of Fig. 1B suggest that KaiA interacts more strongly with hyperphosphorylated KaiC, and the same is true for interactions between KaiB and KaiC. In fact, KaiB will form a stable interaction with hyperphosphorylated KaiC that will persist through native PAGE electrophoresis for 5 h (SI Appendix, Fig.  S2 B and C) and can be visualized by a mobility shift in the native PAGE (at 30°C, these KaiB•KaiC complexes are maintained for at least several days). Fig. 1C Table S1 ). In vitro, the same trends in period are obvious (Fig. 2C) Fig. 1 C and D) . At the beginning of the phosphorylation phase in the in vitro oscillation, the ratio of KaiB to hyperphophorylated KaiC (KaiB/KaiC-P) is high (19, 20) . As illustrated in Fig. 2D , formation of stable KaiB•KaiC 489 complexes occurs most rapidly with the short period KaiB R74C mutant and most slowly with the long period KaiB R22C mutant (for raw data, see SI Appendix, Fig. S3 ). Although these KaiB mutants affected the kinetics of KaiB•KaiC complex formation, Fig. 2E shows that the appearance of the KaiA•KaiB•KaiC complexes with the KaiB mutants was indistinguishable from that of KaiA•-KaiB•KaiC WT complexes visualized with electron microscopy by methods described previously (7) .
KaiA and KaiB rhythmically interact with KaiC WT to assemble/disassemble stable KaiA•KaiB•KaiC complexes during the in vitro oscillation. As shown in Fig. 3A , in vitro oscillations of KaiC phosphorylation status visualized by SDS/PAGE (Fig. 3A , Upper) are paralleled by oscillations in stable KaiA•KaiB•KaiC (19, 20) . These data are quantified in E (Lower). (A, Lower) The same samples were run on native PAGE, and low-mobility KaiA•KaiB•KaiC complexes appear and disappear rhythmically in antiphase to the density of the KaiC hexamer and KaiA dimer bands (the image comes from two separate gels, hence the discontinuity of the last three lanes). (B) Quantification of the formation of complexes (solid line) and free KaiA (dashed line) in the native PAGE for KaiB R74C (raw data appears in SI Appendix, Fig. S4A ). (C) Same as for B except using KaiB WT (raw data appears in A). (D) Same as for B except using KaiB
R22C
(raw data appears in SI Appendix, Fig. S4B ). , as shown in SI Appendix, Fig. S5 ). The formation of KaiA•KaiB•KaiC complexes (Top), doubly phosphorylated KaiC (S431-P and T432-P; Middle), and singly phosphorylated KaiC (S431-P; Bottom) were plotted as a function of incubation time. The blue bar is a reference for the peak of KaiA•KaiB R74C
•KaiC complex formation, whereas the red bar is a reference for the peak of KaiA•-KaiB R22C
•KaiC complex formation.
complexes indicated by native PAGE (Fig. 3A, Lower) , such that the peak in the abundance of complexes occurs 6-8 h after the peak in KaiC phosphorylation (Fig. 3E) . The amount of stable KaiA•KaiB•KaiC complexes can be quantified as a "complexes index" (CI) that is plotted for in vitro oscillations of KaiC WT and KaiA with KaiB WT (Fig. 3C ), KaiB R74C ( Fig. 3B and raw data in SI Appendix, Fig. S4A ), and KaiB R22C ( Fig. 3D and raw data in SI Appendix, Fig. S4B ). The modeling study of van Zon et al. (27) predicted that KaiB•KaiC complexes would sequester KaiA rhythmically during the in vitro oscillation (also see ref. 20 ). This prediction is upheld by our data. As KaiA is incorporated into the KaiA•KaiB•KaiC complexes, it is sequestered so that free KaiA levels decrease, which leads to a depletion of the free KaiA dimer band on native PAGE (Fig. 1D) . Thus, if the prediction of van Zon et al. (27) were correct, then the CI should oscillate in antiphase to the level of free KaiA dimers. This antiphase oscillation is obvious for the KaiB R22C data ( Fig. 3D and raw data in SI Appendix, Fig. S4B (Fig. 3 A-C and SI Appendix, Fig. S4A ).
The oscillation in stable KaiA•KaiB•KaiC complexes occurs in a strict phase relationship to the KaiC phosphorylation status. As mentioned above for the data of Fig. 3A , the oscillation of CI phase lags the oscillation of KaiC's overall level of phosphorylation by 6-8 h (Fig. 3E) . Fig. 3F depicts the relationships between CI and specific KaiC phosphoforms; the peak of KaiA•KaiB• KaiC formation occurs just after the peak of KaiC that is doubly phosphorylated (on both S431 and T432, i.e., "ST-KaiC") and just before the peak of singly phosphorylated KaiC (on S431, i.e., "SKaiC"). The temporal relationships between these rhythms are consistent with the interpretation that doubly phosphorylated KaiC (ST-KaiC) regulates the formation of the KaiA•KaiB•KaiC complexes, and these complexes then mediate the dephosphorylation of the T432 residue to form singly phosphorylated KaiC (S-KaiC) in the sequential reaction (19, 20) (SI Appendix, Figs. S1 and S5).
Modeling of PTO Dynamics as a Function of KaiA and KaiB Associations with KaiC. In this section we briefly describe a mathematical model for the KaiABC in vitro oscillator based on mass action that includes monomer exchange as a mechanism of synchrony and KaiA sequestration in complexes with KaiB•KaiC during the dephosphorylation stage (see SI Appendix, SI Methods for a complete list of equations and parameters used). We have previously shown in an explicit stochastic matrix model for hexamers that phase-dependent monomer exchange is sufficient to produce sustained oscillations in the KaiABC system (7). Here we construct and use a simplified ordinary differential equation (ODE) model to investigate the dynamics of KaiA sequestration and the effects of KaiB association/dissociation rates on the oscillator.
In a simplified ODE version of the more complete model, the series of molecular reactions in the KaiABC system are orga- By itself this cyclic reaction sequence will not produce sustained oscillations, owing to desynchronization of the hexamers in the population (leading to damped oscillations). On the basis of the experimental data (7, 26) , we use the exchange of monomers among hexamers as a mechanism for sustained oscillations (7). We implement exchange using the reactions AC i +AC j → AC i+1 + AC j-1 (j > i) and ABC i +ABC j → ABC i+1 + ABC j-1 (j > i), indicating transfer of a phosphate from a higher phosphorylated state (j) to a lower phosphorylated state. The simplified ODE model has the advantage that it is more easily interpreted and contains only six rates: one effective phosphorylation rate, one effective dephosphorylation rate, a KaiA binding rate, a KaiB binding rate, a complex dissociation rate, and an exchange rate. Fig. 4A , which shows the sustained circadian nature of the oscillation. The kinetics of sequestration of KaiA in high-molecular-weight complexes (with KaiB and KaiC) is indicated in Fig. 4B ,which shows the rapid formation of labile KaiA•KaiC complexes followed by sequestration into stable KaiA•KaiB•KaiC complexes. There is a ≈6-h delay between the peak of the phosphorylation rhythm and the peak of KaiA•KaiB•KaiC complex formation, which is similar to the experimental data depicted in Fig. 3E . To examine the effect of KaiB binding on the dynamics, we varied the rate of KaiB binding to hyperphosphorylated KaiC. As shown in Fig. 4C , a faster binding rate decreases the period, whereas a slower binding rate increases the period and decreases the amplitude of the KaiC phosphorylation rhythm. These results are qualitatively and quantitatively similar to the trends in the experimental data of Fig. 2 A-C Fig. S6B ). Therefore, the native PAGE data strongly support the interpretation that KaiA is sequestered into complexes with KaiB and KaiC by an interaction that is independent of KaiC's C-terminal tentacles. Possibly this unique site on KaiC is created by the binding of KaiB to KaiC (possibly KaiB itself provides a part of the KaiA binding site), which could explain the KaiB-dependency of the formation of stable KaiA•KaiB•KaiC complexes.
Discussion
Terauchi et al. (8) have proposed that the rhythm of KaiC ATPase activity constitutes the most fundamental reaction underlying circadian periodicity in cyanobacteria. Another possibility, however, is that the ATP hydrolysis observed by Terauchi et al. is a consequence of the energy released by the conformational changes of KaiC that are regulated by the associations with KaiA and KaiB. Our results support the latter interpretation. We find that the intermolecular dynamics of interaction among KaiA and KaiB with KaiC determine the period and amplitude of this in vitro oscillator. It is possible that the ATPase activity is a reflection of an underlying biochemical activity of KaiC that has not yet been identified. Consequently, our hypothesis is that (i) the basic timing loop of the KaiABC oscillator and (ii) its outputs are mediated by conformational changes of KaiC in association with KaiA and KaiB.
For example, mutations within KaiB that alter affinity to KaiC predictably alter the period of this clock in vivo and in vitro, as confirmed by our mathematical modeling. Therefore, with native versions of KaiC and KaiA, mutations within KaiB that change affinity to KaiC will modulate key circadian properties, which is consistent with the hypothesis that intermolecular associations determine KaiABC oscillator dynamics. At the very least, if the ATPase activity is the basic timing loop as suggested by Terauchi et al. (8) , then the intermolecular associations with KaiB must regulate the ATPase activity in a deterministic way. Our interpretation is that the formation of Kai protein complexes is coupled with KaiC phosphorylation status; because different KaiB variants modulate the rate of KaiB•KaiC formation, they affect the period of the KaiC phosphorylation. Our modeling analysis confirms that this interpretation is consistent with the empirical data.
Another important conclusion from our study is that we found that the characteristics of KaiA's association with KaiC go through two phases-during the phosphorylation phase in which KaiA is stimulating KaiC's autophosphorylation, the association of KaiA with KaiC is labile. However, in the later dephosphorylation phase, a stable KaiB•KaiC complex recruits KaiA into a stable KaiA•KaiB•KaiC complex that facilitates KaiC's dephosphorylation because it sequesters KaiA into an inactive configuration (20, 27 (Figs. 5 and 6A ). In the case of the cyclic reaction with KaiC WT , KaiA first repetitively interacts with the tentacles of hypophosphorylated KaiC to enhance KaiC's autokinase activity until KaiC is hyperphosphorylated, at which time the KaiC hexamer undergoes a conformational change that allows it to form a stable complex with KaiB ( Fig. 6B) (6, 7, 10, 13, 16, 21) . This stable KaiB•KaiC complex exposes a unique binding site for KaiA, which sequesters KaiA into the stable KaiA•KaiB•KaiC complex that is visualized in Fig. 2E . The sequestered KaiA is unable to further stimulate KaiC's autokinase activity, and therefore the autophosphatase activity dominates, such that KaiC dephosphorylates to its hypophosphorylated conformation, from which KaiB and KaiA dissociate and the cycle begins anew (Fig. 6B) .
Our conclusion of a labile interaction between KaiA and KaiC during the phosphorylation phase is consistent with previous experimental studies (6, 16, 21) . On the other hand, there are no previous empirical data supporting a stably sequestered KaiA complex. The hypothetical existence of a sequestered KaiA complex had been suggested previously in a modeling paper as a potential mechanism for maintaining synchrony within a population of KaiC hexamers (27) . However, in our model the sequestration of KaiA is used as a means by which KaiC WT shifts between a predominantly autokinase mode and a predominantly autophosphatase mode. Moreover, we model the primary mechanism for maintaining synchrony among KaiC hexamers as residing in the phenomenon of KaiC monomer exchange among the hexamers in the population of complexes, which is an interpretation that is strongly supported by experimental data (7, 26) . Therefore, our data provide concrete experimental support for the existence of a KaiB•KaiC complex that sequesters KaiA into a stable three-protein complex whose function is to inactivate the phosphorylation-stimulating properties of KaiA and thus initiate the dephosphorylation phase. Our empirical data are integrated with a mathematical model that demonstrates the hierarchy of these relationships.
Methods
Complete methods, including description of the mathematical modeling and SI Appendix, Figs. S1-S6, are described in SI Appendix, SI Methods. Cyanobacterial strains were Synechococcus elongatus PCC7942 wild type and mutants grown in BG-11 medium (15) . Luminescence rhythm measurements as a reporter of circadian gene expression in vivo were as described previously (15) . KaiA, KaiB, and KaiC proteins from S. elongatus were purified and the in vitro oscillation was performed as described previously (7). The native forms of the Kai proteins are indicated herein as KaiA WT , KaiB WT , and KaiC WT ; nomenclature for naming KaiB and KaiC mutant variants is described in SI Appendix, SI Methods. Analyses of Kai protein interactions by native PAGE, electron microscopy, and fluorescence anisotropy methods are described in SI Appendix, SI Methods.
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Strains and in vivo rhythm measurement
Cyanobacterial strains were Synechococcus elongatus PCC7942 wild type and mutants that harbored different kaiB variants. Cells were grown and maintained as described previously (1). To create strains with kaiB variants, the kaiB ORF in the pCkaiABC plasmid (1) was mutagenized by site-directed PCR to replace the arginine residues at residues 22 and 74 with cysteine. The mutated pCkaiABC was then introduced into the kaiABC-deficient strain as described (1) . Luminescence rhythm measurements as a reporter of circadian gene expression in vivo were as described previously (2).
Protein Preparation and Construction of KaiB and KaiC Variant Mutants
Kai proteins from S. elongatus were expressed in Escherichia coli and purified as described previously (3 , where the first superscript letter refers to the residue at site 431 (native KaiC has a serine at site 431) and the second letter refers to the residue at site 432 (native KaiC has a threonine at site 432). Therefore, native KaiC (KaiC WT ) would be labeled KaiC ST by this nomenclature. KaiC 489 was made by changing residue 490 to a stop codon so that the final 30 residues of the C-terminus were deleted; this mutation creates a KaiC that mimics hyperphosphorylated KaiC and can interact with KaiB alone, but cannot interact with KaiA alone because the C-terminal tentacles are missing (4).
Protein Concentration Measurement
The concentration of each protein was measured with the Bradford method (Bio-Rad Protein Assay) using a dilution series of bovine serum albumin (Bio-Rad) to generate a standard curve. The purity of each Kai protein was determined by analyzing the sample on SDS-PAGE gels.
In vitro KaiABC oscillation reactions and analysis of KaiC phosphoforms by SDS-PAGE
Reactions were carried out at 30ºC in reaction buffer (RB = 150 mM NaCl, 5 mM MgCl 2 , 1 mM ATP, 0.5 mM EDTA, 50 mM Tris-HCl at pH 8.0) using the following Kai protein concentrations: 50-ng/µl KaiA, 50-ng/µl KaiB and 200-ng/µl KaiC. For analysis of KaiC phosphorylation status, samples (total 1µg KaiC at each time point) were collected from the in vitro reactions and resolved by SDS-PAGE (16 cm ! 16 cm ! 1mm gels with 10% acrylamide) at a constant current of 35 mA for 4-5 h. Gels were stained with colloidal Coomassie Brilliant Blue, and the gel images were digitally captured with the Gel Doc XR system (Bio-Rad). On each lane of the SDS-PAGE gels, the uppermost band is double phosphorylated KaiC (ST-KaiC), the next band down is KaiC that is phosphorylated on T432 (T-KaiC), the third band down is KaiC that is phorphorylated on S431 (S-KaiC), and the bottommost band is non-phosphorylated KaiC (NPKaiC). Quantity One (Bio-Rad) was used to quantify each phosphoform of KaiC from the gel images. Fig. 1 and Fig. 5 Aliquots (16µl) of the Kai protein mixtures were collected at each treatment/time point, combined with 5X native-PAGE sample buffer (50% glycerol, 0.05% bromophenol blue, 0.312M Tris-HCl at pH 6.8), flash-frozen in liquid nitrogen, and stored at -80 ºC. Native-PAGE (10 cm ! 10 cm gels of 7.5% polyacrylamide gels) was performed in a cold room at 5mA constant current for 5 h to resolve protein complexes. Gels were stained with colloidal Coomassie Brilliant Blue, and gel images were digitally captured by Bio-Rad Gel Doc XR system. In Figs. 3A and S4, the protein density of the KaiC hexamer or the KaiA dimer was quantified by using Image J (NIH, USA). The initial KaiA density at time 0 was defined as 1, and the Complex Index at each time point was calculated by subtracting the density of KaiC from the initial density of KaiC. The Complex Index was then plotted as a function of time, and the free KaiA Index was plotted on the same graph (Fig. 3) .
Analysis of Protein Interactions among Three Kai Proteins by Native-PAGE
Fluorophore Labeling and Fluorescence Anisotropy
The fluorophore used to label the KaiA protein was fluorescein-5-maleimide (F-150, Invitrogen USA). A solution of F-150 was prepared in dimethyl sulfoxide, and the concentration was determined by using the extinction coefficient supplied by the manufacturer. Prior to labeling, KaiA protein in DTT-containing buffer (150mM NaCl, 1mM DTT, 50mM Tris-Cl, [pH 8.0]) was desalted on a G-25 Sephadex desalting column (GE Healthcare) equilibrated with the same buffer except without DTT. The desalted KaiA was labeled with F-150 at a 10:1 molar ratio for 2 h at room temperature in the dark and then overnight at 4 ºC. Unreacted fluorophore was removed from the fluorescently labeled KaiA protein with another G-25 Sephadex desalting column.
Fluorescence anisotropy (FA) was employed to determine the equilibrium dissociation constant (K d ) between the fluorescently labeled KaiA protein and the unlabeled KaiC protein.
The labeled KaiA protein was 50-60 nM and the anisotropy was measured as a function of increasing concentrations of unlabeled KaiC protein after the two proteins were incubated for 30 min in the KaiABC reaction buffer (RB, see above) at 30ºC. Anisotropy measurements were made on a Photon Technology International spectrofluorimeter (T-format fluorometer).
Excitation and emission wavelengths were 490 and 515 nm, respectively. Anisotropy was measured using a time-based function for 10 s (integration time = 1 s), and the data were averaged. The binding between the KaiA dimer and KaiC hexamer proteins was assumed to be a 1:1 binding stoichiometry (5, 6) . The titration curves were fit to the following equation (7) (8) (9) :
] · (A max -A min )/(2Y) Where "A = (the measured A) -(A min ), i.e., the change of the rotation of KaiA as a function of increasing [KaiC] . A is the measured anisotropy at a particular total concentration of the unlabeled KaiC protein (S) and the labeled KaiA protein (Y), A min is the minimum anisotropy, A max is the final maximum anisotropy, and K d is the dissociation constant.
Electron microscopy of KaiA•KaiB•KaiC Complexes
The three KaiB variants were incubated with KaiC EE for 18 h at 30 degrees C. As described previously (3), samples were applied to glow discharged carbon coated EM grids and negatively stained with 0.75% uranyl formate. EM images were collected digitally on a 120KeV Tecnai12 LaB6 microscope at a 101,000x magnification using a Gatan 2kx2k US1000 camera. Individual particle images were selected and classified using ImagicV software and the EMAN software packages. The class sum images that appeared as complexes were generated from the following number of particle images for each of the KaiB variants: 2097 images for KaiB WT , 1,517 images for KaiB R22C , and 1,363 images for KaiB R74C . These class sum average images are presented in Fig. 2E .
Mathematical Model Description
The mathematical model is similar to that described in the PTO model of Qin et al. 2010 (17) . KaiC hexamer concentrations are labeled by net population phosphorylation levels, C i , where i = 0, N. We neglect specific site-dependent modeling (S431 and T432) and treat the system phenomenologically. The model reactions are as follows:
Phosphorylation and de-phosphorylation:
Auto-phosphorylation/dephosphorylation : KaiC hexamers alone (k 2 >> k 1 ) 
Monomer Exchange
Monomer exchange is approximated phenomenologically by the reaction C i +C j " C i+1 + C j-1 (j >i) that acts to equalize the population concentration levels of phosphorylation by transfer of phosphates from hexamers with more phosphates (j) to hexamers with lower numbers of phosphates (i), j > i. Letting x k = C k , (AC k ), (BC k ), or (ABC k ):
1.15 dx i /dt = dx i /dt -k e x i *x j (j = i+1, N) dx j /dt = dx j /dt -k e x i *x j dx i+1 /dt = dx i+1 /dt + k e x i *x j dx j-1 /dt = dx j-1 /dt + k e x i *x j
PTO Initial Conditions and rates
All the differential equations are scaled to the initial KaiC concentration, C 0 (t=0) so that the fraction of each is followed with respect to time.
Simplified KaiA Sequesteration Model with Monomer exchange. The simplified model neglects the auto-phosphorylation/dephosphorylation reactions of KaiC (1.1 -1.3) and corresponding KaiB•KaiC complex formation reactions (1.7-1.9) and instead considers the approximate complex formation and cyclic phosphorylation reaction sequence: 
Simulations
Code for implementing the model was written in Fortran (G77, Free Software Foundation) using a 4th Order Runge-Kutta algorithm for ODE solutions.
Table S1
Properties of Wild-type and Mutant KaiA, KaiB, and KaiC Molecules
For the KaiC variants, the superscript letters refer to the residues at positions 431 and 432; "KaiC WT " is wild-type or native KaiC in which residue 431 is serine and residue 432 is threonine. "KaiC AE " is alanine at residue 431 and glutamate at residue 432, "KaiC AT " is alanine at residue 431 and threonine at residue 432, "KaiC EE " is glutamate at residues 431 and 432, and so on. "KaiC 489 " is a truncated KaiC in which residue 490 was changed to a stop codon so that the final 30 amino acid residues were removed from the C-terminus of KaiC . For the KaiB variants, the superscript describes the entire mutation. For example, "KaiB R74C " means that the arginine that normally resides at position 74 has been replaced with a cysteine.
